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I.  INTRODUCTION 


Mode  conversion  due  to  non-zero  off-diagonal  elements  in  the 
dielectric  tensor  has  been  demonstrated  in  anisotropic1’2  as  well  as 
magneto-optic3  waveguides.  Because  the  coupling  efficiency  can  be 
conveniently  influenced  by  external  means,  namely  application  of  a 
magnetic  field,  magneto-optic  structures  enjoy  intrinsic  superiority 
over  their  anisotropic  counterparts  with  a  view  toward  active  devices. 

The  pertinent  theoretical  framework  is  briefly  outlined  in 
Section  II.  In  the  presence  of  a  longitudinal  magnetic  field,  the  normal 
modes  are  admixtures  of  (uncoupled)  TE  and  TM  modes,4  resulting  in 
mode  conversion,  similar  to  the  Faraday  effect  in  bulk  media. 

With  a  transverse  magnetic  field,  pure  TE  and  TM  modes  continue  to 
exist.  The  propagation  constant  of  the  latter  depends  on  the  off- 
diagonal  dielectric  constant  6.  For  modes  far  from  cutoff,  the  dependence 
is  quadratic  and  can  be  assimilated  to  the  conventional  Voigt  effect. 

By  contrast,  it  is  linear  for  modes  near  cutoff.  With  no  preconceived 
idea  shout  tne  magnitude  of  <5,  the  possibility  of  phase  modulating 
TM  modes  is  raised. 


Against  this  backdrop,  we  have  tested  two  (Gd  Y„  )  (Fe  Ga)0 

•52,5  4  12 

garnet  films  grown  on  GGG  substrates  at  our  laboratory  for  possible  use 
as  modulators,  switches  and  isolators.  Preliminary  experimental  results 


are  presented  in  Section  III.  The  passive  optical  waveguiding  properties 
have  been  characterized  at  a  wavelength  of  1.152  pm.  Our  data  relative 
to  TE^TM  mode  conversion  induced  by  a  longitudinal  magnetic  field  can 


2. 


be  interpreted  satisfactorily  with  existing  theories.  The  effect 
of  a  transverse  field  is  somewhat  unclear  at  the  present  time. 


3. 


II .  THEORETICAL  BACKGROUND 


2.1  Mode  Conversion 

Consider  an  optical  waveguiding  structure,  illustrated  in  Fig.  1, 
where  the  z-axis  is  chosen  as  the  propagation  direction  of  the  guided 
modes.  If  one  assumes  that  the  film  is  made  of  a  magneto-optic  material 
its  optical  properties  in  the  presence  of  a  longitudinal  (along  the 
z-axis)  magnetic  field  are  described  by  the  following  dielectric  tensor: 
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(1) 


where  the  film  is  assumed  to  be  optically  isotropic  in  the  absence  of 
a  magnetic  field.  Coupling  between  TE  and  TM  modes  occurs  via  the  off. 
diagonal  elements  in  eq.  (1),  resulting  in  mode  conversion  which  has 
been  demonstrated  by  Tien  et  al.3  This  phenomenon  is  similar  to  the 
Faraday  rotation  in  isotropic  bulk  media.  In  waveguides,  however, 
even  If  all  materials  involved  are  isotropic,  TE  and  TM  modes  travel 
with  different  phase  velocities.  If  the  electric  field  is  originally 
polarized  in  the  y-direction  (TE  mode)  the  amplitude  conversion 
efficiency,  derived  on  the  baais  of  coupled  mode  theory,  is  given  by:2 


E  (z) 

-  -rfa  -  a  +  bV1/2 

y 


sin 


Kz  (1  +  B2)1/2 


(2) 


whete  K  is  the  "coupling  strength"  and  B  =■  A6/2K  Is  proportional 


to  the 


iVMm  n-ij 
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mismatch  A£  between  the  propagation  constants  of  TE  and  TM  modes. 

By  making  A0  »  0  in  eq.  (2),  it  is  clear  that  the  "coupling  strength" 

K  is  equal  to  the  optical  rotatory  power  a  of  the  magneto-optic  material 

which  is  itself  related  to  the  magnitude  of  the  off-diagonal  term 

3 

6  in  eq .  (1)  by  the  following  expression: 


where  AQ  is  the  vacuum  wavelength  of  the  incident  light  and  np  is  the 
refractive  index  of  the  magneto-optic  film.  Only  in  the  case  of 
perfect  phase  matching  (A0  =  0)  can  the  conversion  be  100%  efficient. 

2.2  Phase  Modulation 

Let  us  assume  that  the  magnetic  field  is  now  applied  along  the 
y  direction  (transverse  configuration) .  The  dielectric  tensor  represent¬ 
ing  the  optical  properties  of  the  film  reads  in  this  case: 


It  is  shown  in  the  Appendix  that,  unlike  the  previous  case,  pure, 
uncoupled,  TE  and  TM  modes  can  propagate.  TE  modes  are,  in  fact, 
completely  unaffected  by  the  applied  transverse  magnetic  field, 
whereas  the  propagation  constant  of  TM  modes  does  depend  on  the  off- 
diagonal  element  6  through  the  following  transcendental  equation: 
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w  *»  waveguide  thickness 
3  -  guided  mode  propagation  constant 
kQ  =»  free-space  propagation  constant 

s*  EF*  ^  =  lsotroPlc  dielectric  constants  of  the  substrate, 
film  and  top  (surrounding  medium),  respectively. 

N  =  mode  order  =  0,  1,  2,  3 . 

It  is  easily  verified  that  when  6  -  0,  eq.  (5)  reduces  to  the  familiar, 
form.  For  modes  well  above  cutoff,  qp  +  0,  and  eq.  (6a)  gives  an 
approximate  expression  for  the  propagation  constant: 


e2  i  ko  ^  I  i  -  («/  ^)2  ] 


3  does  not  depend  on  the  sign  of  the  off-diagonal  element  6.  This  is  the 
conventional  Voigt  effect,  also  commonly  referred  to  as  linear  magnetic 
birefringence. 

For  modes  near  cutoff,  on  the  other  hand,  p  -*■  0  and  3  2  n,  k2  e  . 

8  US 

The  waveguide  equation  (5)  can  be  approximated  by: 


a  -1 

qF  w  1  b-  +  tan 


1 

qF 


+  Nti 


which  depends  linearly  on  <5  via  eq.  (6d) .  Tabl'  I  shows  how  the 
guided  inuex  ng  -  3AQ  changes  with  the  sign  and  magnitude  of  the 
off-diagonal  element  6  for  TM  modes  of  order  9  (near  cutoff)  and  0 
(far  from  cutoff),  respectively.  The  pertinent  w  eguide  parameters 
were  chosen  as  follows:  film  thickness  =  6.4  pm,  film  index  -  2.14, 
substrate  index  -  1.95,  air  as  surrounding  medium,  and  X  Q  »  1.15  pm. 
Notice  that  the  changes  An^,  although  small,  are  roughly  two  orders 
of  magnitude  larger  for  modes  near  cutoff  than  for  their  counter¬ 
parts  well  above  cutoff.  The  approximately  linear  dependence  of  An 

8 

on  6  is  of  potential  interest  for  nonreciprocal  devices. 


MBT-fit mi 


7. 

HI.  EXPERIMENTAL  RESULTS 
3.1  Garnet  Films 

We  have  tested  two  films  (hereafter  referred  to  as  Sample  A 
and  Sample  B)  of  (Gd^Y^)  (Fe^jO^  deposited  by  liquid  phase 
epitaxy  on  (111)  GGG  substrates,  with  the  magnetization  lying  in  the 
plane  of  the  film.  B-H  curves,  such  as  the  one  shown  in  Fig.  2,  yield 
the  magnitude  of  the  magnetization.  4ttM  was  measured  to  be  200G  for 
Sample  A,  and  175G  for  Sample  B. 

Ire  passive  waveguiding  properties  of  these  films  were  evaluated 
using  the  1.152  pm  radiation  from  a  He/Ne  laser.  Input  and  output 
grating  couplers  were  fabricated  using  the  conventional  technique.5 
The  samples  were  mounted  vertically  on  a  rotating  stage,  as  illustrated 
schematically  in  Fig.  3.  Although  no  visible  streak  of  light  could  be 
detected  through  an  infrared  viewer,  indicating  surprisingly  low 
surface  scattering  losses,  excitation  of  guided  modes  was  evidenced  by 
the  observation  of  "m-lines"6  emerging  from  the  output  grating. 

The  best  fit  between  experimental  and  theoretical  values  of  the  guided 
index  ng  was  obtained  with  a  substrate  index  of  1.95,  a  film  index  of 
2.135,  and  a  film  thickness  of  8.4  pm  and  6.35  pm  for  samples  A  and  B, 
respectively.  Since  their  phase  velocities  are  not  very  different,  TE 
and  TM  modes  of  the  same  order  can  be  excited  simultaneously  by  a 
converging  incoming  beam  polarized  at  45°.  This  allows  direct 
determination  of  the  mismatch  Ang  =  n™  -  n™  by  measuring  the 
angular  separation  of  the  two  outputs.  Experimental  data,  shown  in  Fig. 
4  for  various  mode  orders  N,  are  in  good  agreement  with  theory. 


...  _  .  ..  .  ■  ••  '  ■  g.,.  ri  ■  •  /  ,  Jj.,.  .  _  i  ...  ■■  ...  ,.u 
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3.2  jtode_Converalon  With  Longitudinal  7i^A 

Assuming  that  the  optical  wave  is  originally  polarized  in  the 
y-direction  <Ey  corresponding  to  TE  modes),  application  of  a  longitu- 
dinal  magnetic  field  will  convert  aome  amount  of  light  to  the  perpend! 
cular  polarization  E^.  When  the  output  Is  passed  through  an 
analyzer,  as  Illustrated  In  Fig.  3,  with  azimuth  6  relative  to  the 
original  polarization  direction,  the  Intensity  detected  Is,  In  a 
simplified  analysis,  given  by: 


tD  "  Ey  “Ae  +  A  aln2e  +  Ex  Ey  cos  *  sin  20 


(8) 


where  *  la  the  phase  difference  between  and  Ey  after  traversing 

the  waveguide.  Conservation  of  energy  Imposes  the  condition 
2  2 

Ey  +  Ex  =  I0  =  constant.  Thus: 


(Iu/I0)  -  COS20  +  (Ex/Ey)2  (sln20  -  cos20)  +  (E  /E  )  cos  *  sin  20 

(9) 

A  longitudinal  AC  magnetic  field  -  HQ  cos  fit  was  applied  at  a 

frequency  of  60  Hz  by  means  of  a  Helmholtz  coil.  The  coupling  strength 

K,  proportional  to  the  off-diagonal  element  6  by  virtue  of  eq.  (3),  is 

such  that  K(-Hl)  =  -  ROy.  Hence,  it  follows  from  eq.  (2)  that 

(Ex/Ey)  contains  the  frequencies  ft,  3ft,  etc.,  while  L:  lowest 

frequency  in  the  (E  /E  )2  term  is  2ft. 

x  y 


The  DC  term  and  the  60  Hz 
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modulated  signal  do  depend  on  the  analyzer  azimuth  as  coa20  and  zln29 
respectively,  as  evidenced  In  Fig.  5.  Fig.  6  confirms  that,  after 
processing  the  signal  through  an  electronic  filter,  the  60  Hz  component  la 
proportional  to  the  with  maximum  slope  at  0-45",  while  the  120  Hz 
component  varies  as  -H2  when  0  -  0.  The  observation  of  the  60  Hz 
modulated  signal,  arising  from  the  cross  term  In  eq  (8),  was  somewhat 
unexpected  since,  as  noted  earlier,  IE  and  TM  modes  are  coupled 
out  at  slightly  different  angles.  However,  the  angular  spectra  of  the 

outputs  are  not  Infinitely  sharp  and  Interference  probably  occurs  In 
the  overlap  region. 

In  the  case  of  large  mismatch  A3  or  weak  coupling  K  (B  »  1),  eq . 

(2)  simplifies  to  take  on  the  form: 


VEy  1  (2K/A3)  sin  (Afi  z/2) 

When  Q  =  45°  and  assuming  B  »  1,  the  60  Hz  signal  modulation 
ratio,  obtained  from  eq.  (9),  can  be  approximated  by: 

l(z)  -  (2K/A3)  sin  (A3  z) 


In  this  last  expression,  we  have  made  use  of  the  fact  that 
when  I’  the  Phase  difference  <p  between  TE  and  TM  modes  is 

approximately  equal  to  (66  z>/2.7  Because  the  quantity  (if  z)  typically 
covers  one  spatial  period  over  the  size  of  the  output  grating,  the 
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detector  aeeo  an  average  of  |  sin(4S  z)  |  v  0.65.  The  modulation 
ratio  detected  is: 

in  -  1.3K/A0 

(11) 

Experimental  data  plotted  In  Fig,  7  confirms  that  the  modulation  ratio 
at  60  Hz  is  Inversely  proportional  to  i„g  .  48/^.  ju,  observation 
la  offered  as  additional  evidence  that  we  are  Indeed  looking  at  the 
cross  term  In  eq.  (8).  From  the  slope  of  the  straight  line  In  Fig.  7 
we  obtain  an  approximate  value  for  the  optical  rotation  K  of  2«0°/cm, 
which  appears  to  be  a  reasonable  estimate.3-  8  On  the  basis  of  this 
figure,  the  off -diagonal  element  S  should  be,  by  virtue  of  eq.  (3), 
on  the  order  of  3x10-“.  Also,  the  TE  *  TM  conversion  efficiency  between 
crossed  polarizer  and  analyser  Is  expected  to  be  -v  1.1*  for  the  mode-order 
N  =  3.  The  experimental  value  was  measured  to  be  ^  0.8%. 

3,3  -Amplitude  Modulation  with  Longitudinal  Field 

In  the  experiment  discussed  above,  the  60  Hz  modulated  signal 
due  to  longitudinal  magnetic  field  disappeared  for  an  analyzer 
azimuth  of  0°  or  90°,  We  observed  that  this  signal  could  be  made  to 
reappear  with  unexpectedly  large  magnitude  by  simultaneously  exciting 
TE  and  TM  modes  of  the  same  order.  In  contrast  to  the  previous  case, 
the  modulated  intensity  no  longer  varies  with  the  analyzer  azimuth  0 
sin  20.  Thus,  it  cannot  arise  from  the  cross  term  in  eq.  (8). 

Instead,  we  ascribe  it  to  amplitude  modulation  of  the  E2  and  E2  terms. 

X  v 


mrnsiki  .  -6-  - ■ --vi- - --f.--.  .  .,4^ w**. - 


The  waveguide  can  he  thought  of  *  , 

iuugnt  ot,  in  a  simple  way,  as  n  hire- 

frlngent  »8n«to-optlc  crystal.  The  electric  ££eld>  a£ter  tM>> 

a  distance  L  of  the  crystal,  is  given  in  terms  of  E°  and  E°  at  the 
input  by  the  following  matrix  relation: 


-  b  1  r  E 


-re  the  coefficient  b  is  proportional  to  the  off-dlagonal  element 
«,  and  therefore  cental™  the  frequency  I!  of  the  applied  magnetic 
field,  while  a  and  a*  contain  frequencies  that  are  even  multiples 

r\  • ,  -  -  - 


of  n.  ic  follows  from  eq .  (12)  that: 


|EX|2-  |a|2E°2  +  b2  Ef  .  „  (a+a*}  E0E0 

y  x  y 

lEyl  b2  E°  +  ja  J 2  E°  +  b  (a+a*)  E°  E° 

y  r  y 

Notice  that  the  last  terms  in  eas  C\  a  i  ,  n  n 

eqs*  (13>  involve  the  product  E°  E°  * 

simultaneous  excitation  of  TE  and  TM  modes  Is  necessary.’  The 
Photographs  displayed  In  Pig.  8,  corresponding  to  equal  excitation  of 
TE  and  TM  modes  of  order  9  In  Sample  B,  show  that  TE  and  TM  outputs 
are  modulated  with  approxmately  the  same  amplitude  and  opposite  phases, 
as  expected  on  the  basis  of  eq.  (13).  The  modulation  depth,  defined 

as  the  ratio  of  the  60  Hr  and  DC  components,  was  6.5,,  significantly 
larger  than  the  mode  conversion  efficiency. 
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3.4  Effect  of  a  Transv-rae  Field 

In  another  experiment,  an  AC  craneverae  magnetic  field  at  60  Hz 
was  superimposed  to  a  DC  longitudinal  field.  Fig.  9  shows  the  behavior 
displayed  by  Sample  A,  between  crossed  polarizer  and  analyser,  for  the 
mode  order  4.  Both  fields  were  required  in  order  for  the  output  to 
be  modulated.  Note  that  if  the  only  effect  of  the  AC  field  was  to  rotate 
the  magnetisation  in  the  plane  of  the  film,  the  observed  modulation 
frequency  would  he  120  Hr,  rather  than  60  Hz.  Our  original  explanation 
was  that  we  had  achieved  modulation  of  the  conversion  efficiency  by 
varying  the  mismatch  An,  between  IE  and  TM  modes,  as  discussed  in 
Section  2.2.  However,  the  variation  of  A„g  required  to  account  for  the 
observed  modulation  amplitude  is  of  the  order  of  bxlO'5,  which  would  imply, 
based  on  Table  I,  an  off-diagonal  element  6  in  the  range  10‘2  to  10'1. 

This  is  hardly  reconcilable  with  our  estimate  of  IxlcT4  arrived  at 
in  connection  with  our  mode  conversion  experiments,  and  it  appears 
now  unlikely  that  our  initial  interpretation  was  correct.  Furthermore, 
the  phenomenon  just  described  was  not  observed  in  Sample  B.  I„  the 
latter  case,  the  output  was  modulated  even  in  the  absence  of  a 
DC  longitudinal  field.  Although  we  do  not,  at  the  present  time,  have 
a  clear  understanding  of  these  features,  we  feel  that  they  might 
possibly  be  attributable  to  the  fact  that  rotation  of  the  magnetization 
is  not  quite  isotropic  in  the  plane  of  the  film,  as  is  apparent  in 
Fig.  2  (the  two  B-H  curves  correspond  to  orthogonal  directions). 
Experimentation  is  currently  in  progress  to  attempt  to  clarify  tuis  point. 
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IV.  CONCLUSION 

During  this  reporting  period,  we  have  shown  that  garnet  films 
available  at  our  laboratory  are  suitable  for  magneto-optic  work  at 
1.152  pm.  Modulation  of  optical  guided  waves  by  application  of 
longitudinal  and  transverse  magnetic  fields  has  been  investigated 
experimentally  in  two  samples.  The  basic  features  of  the  experimental 
data  pertaining  to  the  longitudinal  configuration  are  now  well 
understood.  Various  schemes  designed  to  artificially  phase  match  TF. 
and  TM  modes  are  currently  being  considered  in  order  to  enhance  the 
mode  conversion  efficiency  which  is  now  limited  to  about  1%. 

Phase  modulation  by  transverse  magnetic  field,  which  emerged  from 
a  theoretical  analysis  as  of  potential  interest  for  nonreciprocal  devices 
appears  now  to  be  too  small  an  effect  for  practical  ,->e,  at  least  in  the 

films  that  we  have  tested  so  far.  Alternative  solutions  are  under 
investigation. 
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APPENDIX 


Consider  an  isotropic  magneto-optic  film  surrounded  by  low  index 
isotropic  claddings.  With  reference  to  the  coordinate  system  of  Fig.  1, 
propagation  of  a  guided  mode  along  the  z-direction  must  obey  Maxwell's 
curl  equations  in  all  regions.  In  the  presence  of  an  applied 
transverse  magnetic  field,  these  equations  have  tne  following  form 
in  the  film: 


f  -  3  H  /3  z  = 

y 

-  j  03  ^  [ 

£  Ex  +  *13 

Ez  3 

(A-la) 

I 

(3Hx/3z)  - 

(3Hz/3x)  = 

“  j  03  ^  e 

E 

y 

(A-lb) 

3  H  /3  x  = 
1  y 

•1“  Si  1 

*3l  Ex  +  e 

EZ] 

(A-lc) 

j 

f 

1  -  3  E  /3  z  = 

1  7 

3  "“o  Hx 

(A-ld) 

< 

(3Ex/3z)  - 

0Ez/3x)  = 

J  W  ^  0  Hy 

(A-le) 

3  E  ^  x  = 

\  y 

J  Hz 

(A-lf) 

with 

^3  '  jS' 

^1  =  *13 

-  j  6  and  e 

=■  diagonal  element. 

The  above  system  of  equations  breaks  up  into  two  decoupled  sets 

involving  (E  ;  H  ,  H  )  on  one  hand  and  (H  ;  E  ,  E  )  on  the  other, 
y  x  z  y  x  z 

Eqs .  (A-lb)  ,  (A- Id)  and  (A-lf)  show  that  TE  modes  are  completely 
unaffected  by  the  non-zero  off-diagonal  element  The  remaining  three 

equations,  pertaining  to  TM  modes,  can  be  combined  into  a  propagation 
equation  in  the  film: 


. . . . -  -  - liitr------  -  . . . . . . 
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2  2 
5  1  3  H 


2  +  ~2  +  kQ~  ^  t  1-  (<5/^  ]  H  -  0 

°  x  y 


3z  3X 


(A-2) 


whose  solution  H  must  be  of  '.he  form: 


\  ‘  1  A  eJV  +  B  e^F*  ]  .3  <»«-*'>  £or  o  <  x  <  „ 


(A-3) 


Substituting  this  lust  expression  into  eq.  (A-2)  gives  a  relation 


between  transverse  and  longitudinal 


wavevectors  qF  and  g: 


2  _  ,  2 


qF  ko  eF  1  1  *  J  -  3' 


(A-4) 


Outside  the  film  the  wave  is 


evanescent : 


riy  =  <A+B>  e  P8X  e  J(ut>"ez>  for  x  ,  0 

Hy  =  (A  e  i,w  +  B  e  ^%w)  e  ~Px^X~w^  e  J(wt-gz)  for  x  >  w 

The  claddings  are  non-magnetic  and  the  decay  constants  ps  and  pT  are 
defined  in  the  usual  manner: 


(A-5) 


2  2  2 

Ps  “  0  “  kn  e 

8  Os 


p  2  =  s2  -  k  2  , 
PT  B  o  “t 


1  *>.  :"'-‘„  iW  .i--  Jhl.USWf  WW..  MVMW*  W>  >*«  fMiwny, j.  -»W  '■  ' 
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11,6  dlsPersl°"  =<l“«i0„  ls  obtained  by  ensuring  the  continuity  of 
tangential  electric  and  magnetic  fields,  namely  H  and  E 

Contunuity  of  Hy,  as  defined  in  e„s.  (A-S,  and  (A-5)  has  Already 
been  taken  care  ot.  From  aqs .  (A-la)  and<A-lc>  we  obtain: 


3H 


f  (  cf/  -  H  1  ]  |E2  .  (2  j-l 


-Jm  %  Ez  - 


in  the  film 


1  3  H 

1  outside 


With  the  help  of  eqs .  (A-3)  and  (A-5),  expressing  the  continuity 

Ez  across  the  boundaries  at  x  -  0  and  x  -  „  leads  to  the  following 
system  of  equations: 


of 


A  [(»s''Es)  +o-  :b  1  +  B  [  (p  /s)  +  a  +  Vn  )  . 

8  S  +>  j 


(A-6) 


A  “  F  1  W%>  +  a  -  jb  ]  +  B  ,-V  I  (-pl/er)  +  a  +  Jb  ]  -  0 

where  a  and  b  are  defined  by: 


8  <5 


2  2 
%  ~6 


18. 


The  system  of  eqs „  (A-6)  haa  a  non- trivial  solution  where  the 
determinant  of  the  coefficients  of  A  and  B  is  equal  to  zero.  Expanding 
this  determinant  leads  to  the  following  dispersion  equation: 


w 


tan 


-1 


f(P«'*>+*l  .tan'1 

(pT/  tp)  -  a  ' 

1  b  J  +  tan 

b 

+  Nn 


Figure  Captions  - 
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Fig. 

Fig.  ; 

Fig.  : 

Fig.  4 

Fig.  5 

Fig.  6 

Fig.  7, 

Fig.  8. 

Fig.  9. 


1.  Optical  waveguide  coordinate  system. 

•  Hysterisis  curve  of  .ample  B  In  two  orthogonal  directions. 
.  Schematic  experimental  setup. 


•  GuldCd  indelt  mis»atch  between  TE  and  TM  mode.-  vo  mode  order. 

Detected  Intensities  (sample  B)  vs  analyzer  azimuth  6.  The  DC 
and  60-Hz  signals  vary  as  cos2  8  and  |sin  26 | ,  respectively. 

.  Oscilloscope  displays  of  signal  vs  applied  field.  Unfiltered 
signal  (a) ;  signal  filtered  at  60  Hz  (b)  and  120  Hz  (c) . 

.  60-Hz  modulation  ratio  vs  mismatch  in  sample  B.  The  analyzer 

azimuth  is  set  at  45°. 


Amplitude  modulation  (upper  trace)  of  TE  and  TM  outputs  with 
longitudinal  AC  magnetic  field  (lower  trace),  with  simultaneous 
excitation  of  TE  and  TM  modes  at  the  input.  TE  (a)  and  TM  (b) 
modulations  have  comparable  amplitudes  and  opposite  phases. 

Modulated  signal  (upper  trace)  in  sample  A  with  DC  longitudinal 
field  of  7.2  G  and  AC  transverse  field  (lower  trace)  of  1.3  G. 

The  signal  disappears  upon  turning  off  either  the  AC  field  (b) 
or  the  DC  field  (c) . 
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